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Abstract 
Over the past decades, an increasing number of integral bridges have been built. This is 
justified by the various advantages of integral bridges in comparison with standard bridges 
equipped with expansion joints and bearings. In particular, integral bridges require less 
maintenance because they do not have mechanical elements and they have an enhanced 
structural performance because of the frame action and contribution to the stiffness of the 
embankment at the abutments. However, the structural behaviour of integral bridges is at 
present not fully understood. This is due to the complexity of the complete system, which 
must be studied considering the soil-structure interaction. 
Piers monolithically connected to the bridge deck undergo large displacements caused by 
creep, shrinkage and temperature effects. This paper investigates the structural behaviour of 
piers of integral bridges considering the interaction between the foundations of the piers and 
the surrounding soil. The cracking limit state is investigated considering short-term imposed 
strains in the bridge deck as a function of the maximal horizontal displacement allowable at 
the top of the pier. 
 
1. Introduction 
Over the past decades, an increasing number of integral bridges have been built, benefiting 
from the various advantages related to the elimination of expansion joints and bearings 
(Figure 1). This allows maintenance cost to be reduced and improve the structural 
performance because of the frame action and of the contribution to the stiffness of the 
embankment at the abutments. However, due to the fact that the structure is monolithic, the 
soil-structure interaction needs to be taken into account in analysing the whole system 
behaviour (bridge, soil foundation and embankment). Over the last decades, several 
researchers have been studying the influence of soil-structure interaction on the behaviour of 
integral bridges.1,2,3,4 
The interaction between soil and structure has been investigated since the eighteenth century.5 
The first research studied the lateral pressure behind the walls.6 More recently, various studies 
have been conducted on the influence of the pressure of soil on stiff and flexible culverts5 and 
on cut-and-cover tunnels.7,8 These studies showed the complexity of soil-structure interaction 
and the necessity to take into account the properties of the soil together with the geometry and 
stiffness of the structure to determine the distribution of pressure on the structure and to assess 
its structural behaviour. 
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Figure 1: Standard and integral bridge abutment details 
(a) Standard bridge abutment; (b) Integral bridge abutment 
 
The most important problems for the integral bridges are the settlements near the abutment or 
the transition slab and cracking of structural elements such as the bridge deck, abutment wall, 
piers and transition slab.9 Disorders may result from the imposed deformation of the bridge 
deck caused by creep (εcr), shrinkage (εsh) and temperature variations (εΔT). Short piers rigidly 
connected to the deck and located far from the fix point (a point at the deck exhibiting no 
longitudinal displacement) can be subjected to a large imposed displacement at its top that can 
cause significant cracking (Figure 2). These cracks can be unacceptable for the serviceability 
limit state (SLS). 
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Figure 2: Position of the studied piers 
 
This paper investigates the structural behaviour of bridge piers considering the interaction 
between the foundations of piers and the surrounding soil. The cracking limit state is 
investigated as a function of the maximal horizontal displacement allowable on top of the pier 
(uadm). The horizontal displacement (u) can be calculated from the imposed strains in the 
bridge deck (εimp = εcr + εsh + εΔT) and the distance between the pier and the fix point (Lp-p,fix). 
This value (u = εimp Lp-p,fix) should remain smaller than the value acceptable due to cracking 
(uadm). 
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2. Theoretical approach 
Cracking of the pier is evaluated using a numerical model that takes into account the 
behaviour of the foundation and the pier. The bridge deck is considered to be infinitely stiff so 
that the relative rotation between the top end of the pier and the deck is neglected. 
In a first step, the behaviour of the foundation and the pier are studied separately. The 
behaviour of the foundation is characterized by a moment-rotation (m-θ ) relationship and a 
shear force-sliding (v-δu) relationship (Figure 4(a)), whereas the pier behaviour is 
characterized by a moment curvature (m-κ) relationship. 
In a second step, the whole system presented in Figure 3 is modelled including the 
equilibrium of internal forces and the kinematics compatibility between the elements studied 
in the first step. 
 
Bridge Deck
Pier
Foundation
h
B
u
p
p
Bp
s
A A
A-A
 
Figure 3: Horizontal of the cross-section investigated system 
3. Modelling of the foundation 
In this step, the foundation is modelled without considering its interaction with the rest of the 
pier. The case is illustrated in Figure 4. 
The foundation is assumed infinitely stiff, so there is no structural deformation. The 
foundation soil is considered granular, cohesionless and without first nor secondary creep. 
The main parameters of the shallow/footing foundation geometry are: the depth hsoil of soil, 
the width Bf and the thickness hf of foundation. The length of the foundation is assumed 
sufficient so that its modelling can be performed in considering a plane state of deformation. 
The axial force n, the shear force v and the bending moment m are given in per linear meter. 
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Figure 4: Modelling of the foundation 
(a) Soil and foundation parameters; (b) forces and foundation displacements 
 
An elastic-plastic soil behaviour according to a Mohr-Coulomb failure criterion is assumed. 
The parameters describing the elastic behaviour of soil are the modulus of elasticity of soil 
(Esoil) and the Poisson’s ratio (νsoil). The parameters describing the Mohr-Coulomb criterion 
are: the cohesion (c), the frictional angle (Φ ) and the dilatancy angle (ψ = 2/3 Φ ). Finally, 
one parameter is associated with the roughness of the interface between the foundation and 
the soil (φinterface). 
The assumed parameters for the soil are summarized in Table 1 and the geometry of 
foundation in Table 2. All simulations were performed using ZSoil10, a finite element model 
specialized in the modelling of the behaviour of soil. 
 
Table 1: Assumed soil parameters 
 Esoil [MPa] νsoil [-] c [kPa] Φ [°] Ψ [°] 
Min,value 50 0.25 1 30 20 
Mean value 100 0.32 1 35 23 
Max,value 200 0.45 1 40 27 
 
Table 2: Geometry of the foundation 
 hsoil [m] Bf [m] hf [m] φinterface [°]  
Min,value 1 2 0.5 0  
Mean value 2 4 1 25  
Max,value 3 6 1.5 35  
3.1. Failure mode and serviceability limit state (SLS) behaviour of soil 
foundation 
Three main mechanisms, related to n, v or m, can lead to soil failure. The first mechanism, 
associated with n, is the punching of the soil. The second mechanism, associated with v, is a 
translation mechanism (sliding of the foundation) with the activation of a passive zone in 
front of the foundation and an active zone behind the foundation. The last mechanism, 
associated with m, is a global rotation with active and passive zones around the foundation. In 
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the parametric analysis, all modelled foundations have reached their ultimate capacity with a 
translation mechanism. 
The foundation response at SLS can be described by two diagrams. The first expresses the 
rotation as a function of the applied moment (Figure 5) and the second expresses the 
translation as a function of the applied shear force (Figure 6). 
Bridges considered in this study correspond to slab bridge with spans Lspan in the range of 
20 to 25 m and a deck thickness hdeck to have a bridge slenderness Lspan /hdeck in the range of 
20 to 30. Consequently, the normal force n at the top of piers is considered equal to 500 kN/m 
(per m of width). The dimensions of the foundations are determined to avoid unacceptable 
settlements. 
3.2. Influence of soil and structure parameters 
The influence on m-θ and on ν-δu of the soil and the structure parameters is shown in 
Figures 5 and 6. If not is indicated otherwise, the curves are obtained using the mean value of 
the Tables 1 and 2. 
Some parameters influence more significantly the foundation response at the serviceability 
limit state (SLS) and others govern ultimate limit state (ULS). The modelling has shown that 
the most important parameters influencing the rotational and transversal rigidity at the SLS 
are the soil modulus Esoil, the depth of the soil foundation hsoil and the width of foundation Bf. 
Based on the results shown in Figure 5, it can be noted that the rotational rigidity is 
approximately linearly proportional to Esoil, proportional to the square root of hsoil and 
proportional to the square of Bf. The modelled effect of Esoil and Bf are in accordance with the 
analytic results obtained with a formulation based on the elastic theory (Eq. 1).11 
 
)1(16 2
2
soil
soilf
f
EB
k ν
π
−=  [MNm/m] (1) 
However, this analytical formulation does not take into account the depth of the foundation 
hsoil, which shows a significant influence according to the FE results. These parameters have 
an important effect on the translational behaviour too. Contrary to the rotational behaviour, it 
is however more difficult to find a direct relationship between the variations of parameters 
and the translational stiffness (Figure 6). 
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Figure 5: Moment-rotation curves for various condition 
(a) Effect of Esoil; (b) Effect of hsoil ; (c) Effect of Bfoundation 
(a) (b) (c) 
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Figure 6: Shear force-translation for various condition 
(a) Effect of Esoil; (b) Effect of hsoil ; (c) Effect of Bfoundation 
4. Modelling of the piers 
A numerical model was developed to simulate the column behaviour. The implementation 
was done with the software Matlab. 
It is assumed that the behaviour can be described with enough precision in considering only 
the flexural behaviour of the column. So the curvature is directly proportional to the 
moment (2) and the transverse displacement can be directly evaluated by the double 
integration of the curvature (3). 
 ( ))()( xmfx =χ  (2) 
 2
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The main difficulty of this analysis is the determination of m-χ relationship. Using the 
hypotheses that plane sections remain plane and the condition of static equilibrium, the m-χ 
relationship taken into account the effect of cracking can be obtained for any section and 
reinforcement distribution. Moreover, this relationship depends on concrete time dependent 
behaviour. So a time-dependent analysis based on the aging coefficient method12 was 
performed considering the effect of shrinkage and nonlinear creep13: 
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4.1. Comparison with experimental data 
Figure 7 presents the comparison between experimental results obtained by Dal Busco et al.14 
at EPFL and the results from the numerical simulation developed in this study. The 
predictions of the numerical results show a good accordance with the test data 
(Figure 7(c) to (g)): the average ratio AVG of wtest/wmodel at t0 and at t∞ are 1.06 and 0.93 
respectively and the corresponding coefficients of variation CoV are 11 and 12 %. Based on 
this, the proposed approach can be used with confidence to model the structural response of 
columns. 
 
(a) (b) (c) 
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Specimen A1 A2 A3 A4 A5 A6 A7 
N [kN] -267 -267 -267 -515 -515 -515 -787 
e [m] 0.092 0.145 0.198 0.072 0.093 0.113 0.065 
(b) 
 
0 0.15 0.30
4
8
 e  [m]
 
w
  
[m
m]
A1 A2 A3 t0
 t
∞
test results
model
 
0 0.15 0.3
 e  [m]
A4A5A6
 t0
 t
∞
 
 (c) (d) 
500
300
240
3030
12
6
450
A A
w
500
1300 2300
100
200
N
N
e
φ
φ
A-A
(a) 
0 0.15 0.3−0.002
−0.001
     0
 e  [m]
 
ε s
 
 
[−
]
A1 A2 A3
 t0
 t
∞
 
0 0.15 0.3
 e  [m]
A4A5A6
 t0
 t
∞
 
 (e) (f) 
Specimen A1 A2 A3 A4 A5 A6 A7 AVG CoV [%] 
wtest/wmodel at t0 0.95 1.07 0.89 1.03 1.15 1.25 1.08 1.06 11 
wtest/wmodel at t∞ 0.74 0.96 0.83 0.96 0.98 1.07 0.96 0.93 12 
 (g) 
Figure 7: Comparison between the results of the numerical simulation and the test data14 
(a) Geometry of specimens [mm]; (b) Properties of specimens (fix parameters: fc = 38.9 [MPa], 
fct =3 [MPa], Ec,o =34’900 [MPa],ϕlin = 1.76 [-]and εsh = -0.32 [‰]); (c) w for N/A = 0.08 fc [MPa]; 
(d) w for N/A = 0.15 fc [MPa]; (e) εs for N/A = 0.08 fc [MPa]; (f) εs for N/A = 0.15 fc [MPa]; 
(g) Comparison between test results and numerical simulation (AVG: average ratio and 
CoV: coefficient of variation) 
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5. Influence of the soil-structure interaction on the pier behaviour 
In this section, the influence of the foundation stiffness kf at SLS and the pier response on the 
allowable imposed displacement uadm at the top of the pier is investigated. The foundation 
stifness kf can be characterized by the elastic rigidity of an infinitely stiff and long foundation 
(Eq. (1)). In addition, the allowable displacement has been normalized (uadmBp/hp2) 
The investigated system is the structure presented in Figure 3 and includes the previously 
studied elements. In this case, the v-δu relationship is neglected and the depth of soil is 
considered constant hsoil = 2 m. Moreover, the concrete characteristics are only considered 
under short-time loading, so the concrete elastic modulus Ec = 30’000 MPa remains constant 
as well as its design compressive strength fcd = 30 MPa and its tensile strength fctd = 3 MPa. 
The assumed characteristics of the reinforcing bars are this elastic modulus Es = 205’000 MPa 
and the design yield strength fsd = 435 MPa. The normal stress n and the soil and foundation 
parameters are considering according to the paragraph on foundation modelling. 
Figure 8 shows the effect of kf for different reinforcement ratio ρ = As/A, where As is the 
cross-section area of reinforced bar and A the cross-section of the pier, on uadm for the more 
severe level of compliance on the cracking limit state according to the Swiss code for 
structural concrete.15 In this case, the allowable imposed displacement uadm  leads to a crack 
opening of approximately of 0.1 mm. According to this code, for a spacing of the longitudinal 
bars s = 100 mm, an admissible stress σs,adm = 300 MPa is obtained. 
 
    
Figure 8: Effect of the foundation stifness kf and the reinforcement ratio ρ on the allowable 
displacement uadm at the top of the pier for a allowable stress σs,adm = 300 [MPa] in the 
reinforcement and a pier thickness Bp = 0.5 [m] and comparasion with a base hinge and 
base claped pier 
(a) ρ = 1 [%]; (b) ρ = 2 [%]; (c) ρ = 3 [%] 
 
Figure 8 shows the influence of the stiffness of the foundation kf on the allowable imposed 
displacement uadm. If kf is low (soft soil and/or short width foundation) a situation for the pier 
similar to having a hinge results. If the soil and the width of the foundation are intermediate, 
the pier is partly clamped. Finally, if the foundation stiffness is very large (hard soil/rock or 
very wide foundation), the statical system of the pier becomes clamped-clamped reducing 
consequently the value of uadm. It can be seen that the consideration of the stiffness of the 
foundation is significant with reference to the allowable cracking at SLS. 
(a) (b) (c) clamped hingeu u
Bp
pier with
u
foundation
hp
Bf
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Figure 8 also shows that the height of the pier is an important parameter in the consideration 
of the normalized allowable imposed displacement uadmBp/hp2. Indeed, taller a pier is less 
sensitive to the SLS crack limitation because the ratio between the rigidity of pier and the 
foundation is smaller than for a short pier. 
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Figure 9: Parameter influence on uadm for σadm = 300 [MPa] and kf = 350 [MNm/m] 
(a) Effect of slenderness hp/Bp; (b) effect of renforcement ratio ρ 
 
Figure 9(a) shows that the slenderness hp/Bp is not significant in the range of standard 
construction (hp/Bp between 10 and 30). However, Figure 9(b) shows the significant effect of 
reinforcement ratio ρ on the normalized allowable displacement. Clearly, an increase of ρ 
increases the allowable displacement but in a less than proportional manner. 
6. Conclusions 
This paper investigates the importance of soil structure interaction to evaluate the allowable 
imposed displacement uadm at the top of piers accounting for the cracking limit state. The 
main conclusions are:  
1. The influence of the stiffness of the foundation kf is very significant in the evaluation of 
uadm. A low stiffness leads to a static system with a hinge at the base of the pier. On the 
contrary, a large stiffness leads to a static system clamped at the base; 
2. The pier height hp is also significant, a high pier is less sensitive to imposed displacement 
that a short pier; 
3. The reinforcement ratio ρ is also significant but the increase in uadm is less then linearly 
proportional to ρ. 
6.1. Further work 
This study is in progress at the current time. Some assumptions need still to be improved. The 
influence of the structural stiffness of the foundation, of second order effects, of the time-
dependent behaviour of concrete, of soil compaction with cyclic rotation of the foundation16 
and the effect of v-δu and n need to be investigated. 
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